The Anthropocene epoch is associated with the spreading of metals in the environment increasing oxidative and genotoxic stress on living organisms 1,2 . Once regarded as a curiosity, plants hyperaccumulating metals are now envisioned as an opportunity to remediate metal contaminated soils. About 500 plant species adapted to metalliferous soils acquired the capacity to hyperaccumulate (>0.1% of dry weight) nickel in their shoot 3 . The phylogenetic distribution of these hyperaccumulators in 50 families suggest that this complex trait evolved multiple times independently from basic mechanisms involved in metal homeostasis. However, the exact nature of these mechanisms and whether they are shared between various lineages is not known. Here, using cross-species transcriptomic analyses in different plant families, we have identified convergent functions that may represent major nodes in the evolution of nickel hyperaccumulation. In particular, our data point out that constitutive high expression of IREG/Ferroportin transporters recurrently emerged as a mechanism involved in nickel hyperaccumulation.
hyperaccumulator, we collected leaves of a closely related species or ecotype not accumulating nickel in the same geographic area. To identify genes differentially expressed between closely related nickel hyperaccumulator and non-accumulator species, we performed RNA sequencing (RNA-Seq) using Illumina paired-end technology (Supplementary Data 2) .
In absence of genomic sequence references for most of these species, we de novo assembled the short Illumina reads into the sequence of expressed genes in the 13 selected species.
These newly generated transcriptomes contain between 41,843 and 87,243 contigs for a total assembly size ranging from 35 Mbp to 49 Mbp (Table 1, Supplementary Data 2) . Subsequent annotation of these transcriptomes using Blastx interrogation of Viridiplantae proteins database revealed significant homologies for 56 % of the contigs on average (E-value ≤10E−6). These high-quality reference transcriptomes constitute a unique and comprehensive resource for molecular studies on plant groups of high interest.
The reads from each sample were then mapped to the nickel hyperaccumulator reference transcriptome to identify differentially expressed (DE) genes in 8 pairs of species, each containing a hyperaccumulator and a related non-nickel accumulator. The fraction of DE genes ranged from 2 % to 29 % (Fold Change ≥ 2, FDR ≤ 0.05), depending on the pair of species considered (Figure 2a, Supplementary Figure 2 and Supplementary Data 4-9). Swapping to the transcriptome of the non-accumulators as reference had only a marginal influence on the results (Supplementary Figure 3) .
To determine if deregulated molecular and metabolic pathways are shared by nickel hyperaccumulators from distant plant families, it is necessary to compare these transcriptomes together with a functional emphasis. To this aim, we classified the gene products into Clusters of Orthologous Groups (COG). Combining the 13 reference transcriptomes, 443,400 contigs (66.5% of total) were assigned to 46,458 COGs (Supplementary Data 3) .
To target genes involved in nickel hyperaccumulation, we looked for COGs containing differentially expressed genes in at least 3 plant families. This analysis revealed 71 groups, of which 33 COGs included orthologous genes more expressed in nickel hyperaccumulators, 15
COGs included orthologous genes less expressed and 22 COGs were heterogeneous with some orthologs more expressed and some orthologs less expressed (Supplementary Data 10).
The functional annotation of these COGs (Figure 2b ) indicated that the most represented category corresponds to genes involved in the biosynthesis of secondary metabolites, more specifically phenylpropanoids and flavonoids molecules ( Supplementary Figure 4) . The analysis of gene expression in these pathways predicts an increased synthesis of flavonoids in leaves of nickel hyperaccumulators. This suggests an unsuspected role for flavonoids in nickel hyperaccumulation. These molecules have been shown to act as antioxidants or directly as metal ligands, including nickel, in vitro 5, 6 . Furthermore, it has been recently shown that flavonoids accumulate in an Arabidopsis halleri population hyperaccumulating cadmium 7 .
Further metabolomics, speciation and genetics studies will be required to establish the importance of flavonoids in nickel hyperaccumulation.
Previous studies have highlighted the important role of histidine in nickel hyperaccumulation in Brassicaceae 8 . Our data reveal that orthologs of histidinol dehydrogenase (COG5550), catalyzing the last step of histidine synthesis, are more expressed in nickel hyperaccumulators from Rubiaceae, Cunoniaceae and Euphorbiaceae families supporting the role of histidine in nickel hyperaccumulation (Figure 2c) . Interestingly, in the hyperaccumulator Alyssum lesbiacum of the Brassicaceae family, the first step of histidine biosynthesis (ATP-PRT) is upregulated 9 . This result suggests that distinct steps of the histidine biosynthetic pathway are amplified converging to increased histidine synthesis in nickel hyperaccumulators from different families.
Our cross-species comparison points to IREG/Ferroportin transporters (COG1981) as the most robust up-regulated function among distantly related nickel hyperaccumulators (Figure   2c , Supplementary Data 10). IREG/Ferroportin (SLC40) are efflux transporters found in different kingdoms and displaying broad specificity for divalent metal ions 10, 11 . In vertebrates, the main function of IREG/Ferroportin is to release iron from cells [12] [13] [14] . In plants, IREG/Ferroportin transporters have been associated with the regulation of metal homeostasis including iron, nickel, cobalt and aluminum [15] [16] [17] [18] [19] . Genes encoding IREG/Ferroportin transporters are significantly more expressed (from 4 to 800-fold increase) in nickel hyperaccumulators from the Brassicaceae, Rubiaceae and Euphorbiaceae families compared to their related non-accumulator species. In Salicaceae and Cunoniaceae species from New Caledonia, IREG/Ferroportin genes are highly expressed in both hyperaccumulators and nonaccumulators ( Supplementary Figure 5a) . However, the unique IREG/Ferroportin gene (COG1981) detected in the hyperaccumulator Geissois pruinosa is 60-times more expressed than its orthologue in the non-accumulator Cunoniaceae species Cunonia capensis from South Africa (Supplementary Figure 5b) . Therefore, the high expression of IREG/Ferroportin genes in non-accumulator species endemic from New Caledonia might be a genetic footprint of the recent colonization (~35 MYA) of this island then probably fully covered by an ultramafic rock layer 20,21 .
To provide functional evidence for the role of plant IREG/Ferroportin in nickel hyperaccumulation, we expressed IREG/Ferroportin orthologs cloned from 3 distant nickel hyperaccumulator species in yeast (Figure 3a) . The expression of these transporters increases yeast resistance to nickel, which is consistent with a conserved activity of plant IREG/Ferroportin as nickel exporters. Then we investigated the biological relevance of IREG/Ferroportin in nickel hyperaccumulation in planta. We used Rhizobium rhizogenes transformation to silence the expression of NcIREG2 in the roots of the nickel hyperaccumulator N. caerulescens subsp. firmiensis using artificial miRNA technology. We chose to target NcIREG2 which shows strong differential expression in leaves and roots associated with nickel hyperaccumulation in Noccaea caerulescens (this study and 22 ). We generated 8 independent transgenic lines displaying different degrees of NcIREG2 silencing (Figure 3b ). Elemental analysis of these transgenic lines revealed a decrease of nickel accumulation in roots. Moreover, the amplitude of nickel accumulation strongly correlates with NcIREG2 expression (Pearson's r = 0.9, p-value = 5.3E-5). To understand the cellular basis for NcIREG2 mediated nickel accumulation, we expressed a GFP tagged version of this transporter in roots. Confocal imaging of transgenic roots shows that NcIREG2-GFP localizes on the membrane of the vacuole. Together, our results provide genetic evidence that NcIREG2 contributes to nickel hyperaccumulation by driving nickel sequestration in vacuoles.
The development of RNA-Seq technologies has opened the possibility to study non-model species at the molecular level. Yet, comparative biology has not fully benefited from this revolution because of the difficulty to quantitatively compare transcriptomes from distant species. In this study, we have used a combination of cross-species comparative transcriptomics analysis and COG annotation to identify genes associated with nickel hyperaccumulation in a wide diversity of plant families. This analysis revealed a limited number of candidate gene functions corresponding to convergent mechanisms involved in nickel hyperaccumulation including flavonoid and histidine biosynthesis, and nickel transport.
Strikingly, constitutive high expression of IREG/Ferroportin in leaves has been recurrently recruited as a convergent mechanism for nickel hyperaccumulation. Our functional analysis provides evidence that these transporters account for the exceptional ability of hyperaccumulators to store nickel in vacuoles. This shows that our transcriptomic approach predicts important actors in nickel hyperaccumulation. This study further highlights other candidate genes as target for future functional analyses. Moreover, it provides a framework to identify key genes from root transcriptomes that are involved in the efficient uptake and translocation of nickel to the leaves. The identification of all molecular steps from uptake in roots to sequestration in leaves is necessary to fully understand this complex trait. In the context of sustainable development, nickel hyperaccumulators are now viewed as crops to extract and recycle metals from large areas of metalliferous soils 23,24 . As for other crops, we foresee that this molecular knowledge could become instrumental for marker-assisted selection of cultivars or molecular monitoring of agricultural practices to improve nickel phytoextraction.
METHODS.
Methods, including statements of data availability and associated accession codes and references, are available in the online version of the paper. RNA quality control, preparation of cDNA libraries, sequencing and raw reads processing were performed by the POPS transcriptomic platform (IPS2, Orsay, France). Libraries were prepared from 1 µg of total RNA using TruSeq Stranded mRNA kit (Illumina) and sequenced with an Illumina HiSeq2000 sequencing system in 100bp paired-end mode.
Note: Any Supplementary Information is available in the online version of the paper
Libraries meant to be directly compared were multiplexed and sequenced in a single run.
Adaptors and low-quality pair-end sequences were removed from the raw reads and the ribosomal RNA was filtered using the SortMeRNA algorithm 32 . We obtained between 27 and 106 million reads per libraries (Supplementary Data 2) . Statistical analyses to identify Differentially Expressed Genes (DEGs) were performed using the edgeR Bioconductor package 35 . To examine transcript abundance, reads per kilobase million (RPKM) were calculated. To evaluate the influence of the reference transcriptome, we additionally performed swapping analyzes using the transcriptome of the non-accumulator species as reference (Supplementary Data 2, Supplementary   Figure 3 ).
Molecular cloning. Predicted full-length coding region of NcfiIREG2, GpruIREG1 and
LhavIREG2 were amplified from leaf cDNAs of the corresponding species, using highfidelity Phusion polymerase (Thermo Scientific) with gene specific primers containing AttB recombination sequences (Supplementary Data 11) . PCR products were first recombined into pDONOR207 (Invitrogen) and then in pDR195-GTW 36 or pMDC83 37 for expression in yeast and N. caerulescens respectively.
Artificial miRNA construct targeting NcfiIREG2 was designed using the WMD3-Web microRNA Designer (http://wmd3.weigelworld.org). The amiRNA was engineered as previously described 38 by PCR using the pRS300 backbone and specific primers (Supplementary Data 11) . The NcfiIREG2-amiRNA precursor was recombined in pDONOR207 and then into the vector pK7GW2D 39 .All constructs were confirmed by restriction analysis and sequencing. 
